The formation of acicular ferrite in the simulated heat-affected zone of high-strength low-alloy steels was investigated by means of in-situ observation. The acicular ferrite laths or plates were nucleated on intragranular Zr-Ti complex oxides in big austenite grains and then lengthened very fast. The growth of individual acicular ferrite lath or plate was completed in a very narrow temperature range, especially at low temperatures. The measured lengthening rates of ferrite laths or plates were ranged from 33.3 μm/s to 190.5 μm/s, which fell between limit calculated assuming para-equilibrium and negligible-partition local equilibrium modes from the semi-empirical equation proposed by Hillert.
Introduction
High-strength low-alloy (HSLA) steels are extensively used in welded engineering components and have been the subject of considerable investigation in the last few decades. Recently, there is an increasing tendency to apply high heat input welding to reduce cost and increase productivity. 1, 2) But the high heat input leads to a large grain size in the coarse-grained region of the heated-affected zone (CGHAZ) with a consequent loss of toughness.
3) Improving the toughness by refining the microstructures in the CGHAZ is an important consideration in developing HSLA steels that meet the requirements of high heat input welding. A number of studies have shown that a small austenite grain size in the CGHAZ during high heat input welding can be obtained by inhibiting the prior austenite grain growth through the pinning effect of second phase particles. 4) Meanwhile, the formation of acicular ferrite is thought to be another way to refine the austenite grain. 5, 6) It is reported that acicular ferrite laths or plates partition large prior austenite grains into many smaller and separate regions, and thus obtained finegrained mixed microstructures consisting of a small proportion of acicular ferrite grains and fine bainitic packets. 6) Propagating cracks are deflected on each encounter with the acicular ferrite plates. This gives rise to superior mechanical properties, especially toughness. 7) Acicular ferrite nucleation and growth are well known to be an important phenomenon in HSLA steel and the CGHAZ. The nucleation and growth of acicular ferrite takes place at intermediate temperatures. It is difficult for conventional methods to directly observe the acicular ferrite transformation. In recent years, the in-situ observation of transformation at higher temperatures has been demonstrated to be a useful approach to investigate the phase transformation, grain growth, and precipitation in steels. 8) Using this technique, the acicular ferrite growth behavior can be observed directly. In the present work, this technique was utilized to study the growth behavior of acicular ferrite in the simulated CGHAZ of HSLA steels. 9, 10) Extensive work has been carried out on the nucleation of acicular ferrite. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Therefore, the present work focused on the growth behavior of acicular ferrite using in-situ observation in conjunction with thermodynamic calculations.
Experimental Procedures
The sample of a Zr-Ti killed HSLA steel heavy plate was prepared utilizing vacuum refining, continuous casting, hotrolling and tempering process on an industrial scale. The basic chemical composition of the steel is listed in Table 1 . The material was machined into cylindrical specimens 5 mm in diameter and 5 mm in length, and mounted into alumina crucibles with 0.5 mm thickness. The in-situ observation was conducted using a high-temperature laser scanning confocal microscope (LSCM). A thermocouple with a precision of 0.1°C was positioned under the crucible and used to measure the temperature in the furnace. The specimens were heated to 1 350-1 400°C at a rate of 5°C/s, maintained at 1 300-1 400°C for 5-30 s for austenitization, and then cooled at a rate of 5°C/s, as shown in Fig. 1 . Photographs were taken at a rate of 15 images per second during the sim-ulated thermal cycling to observe the formation and growth behavior of acicular ferrite in the austenite grains. The lengthening rate of acicular ferrite was determined from the slope of the length vs time plot. After heat treatment, transmission electron microscopy (TEM) observation and energy-dispersive spectroscopy (EDS) analysis were utilized to investigate the characteristics of the inclusions.
Results

3.1.
In-situ Observation of Nucleation of Acicular Ferrite The sizes of a total of 530 prior austenite grains were measured by the method based on average of the long axis and short axis in the grain from the in-situ observed micrographs. The austenite grain size ranged from 15 μm to 240 μm. Table 2 shows the mean austenite grain size for different heat treatments. It is seen that the mean size of the austenite grains becomes larger from 46 μm to 166 μm when the peak temperature increases from 1 300°C to 1 400°C and the holding time increased from 5 to 30 s. Figure 2 shows the typical in-situ morphological development of the phase transformation for the small austenite grain size. It can be seen that the austenite grains with a size from 15 to 40 μm transformed into bainite plate packets, which nucleated at the grain boundary, then rapidly grew into the matrix in the form of packets containing parallel plates and apparently stopped by impingement on the grain boundary on the other side of the matrix grain. The intragranular inclusion (indicated by black arrow in Fig. 2(a) ) was observed as ineffective nucleation site for acicular ferrite formation at this grain size. Figure 3 shows acicular ferrite grains formed in a larger austenite grain (~100 μm). The acicular ferrite laths or plates 1 and 2 were nucleated on an intragranular inclusion (indicated by arrow in Fig. 3 (a)) on the specimen surface and grew along different directions. With a decrease in temperature, a new acicular ferrite lath or plate 3 was sympathetically nucleated on the broad face of the pre-formed acicular ferrite lath or plate 1 and grew at different directions compared with the ferrite lath or plate 1. According to the in-situ observations, a prior austenite grain smaller than 55.0 μm did not induce the nucleation of acicular ferrite in the present work but rather favored grain boundary nucleated bainite. When the austenite grain size became larger, more acicular ferrite laths or plates were formed. Figure 4 shows the typical inclusion in the specimen analyzed by TEM and EDS. EDS indicates that the particle is a composite oxide, which mainly consists of Zr, Ti, Al, Si, Mn, O and S. It is seen that the Zr-Ti oxide is covered by an outer layer of manganese sulfide (Fig. 4(b) ). . It is possible that these acicular ferrite laths or plates are sympathetically nucleated at the broad face of the pre-formed acicular ferrite laths 10, 4, 13, respectively. It is also possible that these acicular ferrite laths or plates are nucleated beneath the specimen surface, and impinged against those pre-formed acicular ferrite grains. It is seen in Fig. 5 (c) that acicular ferrite 14 grew and impinged against acicular ferrite 6. The lath-or plate-like acicular ferrite grains formed in radiating directions effectively fragmented the large austenite grains into many smaller and separate regions. Figure 6 shows the growth behavior of acicular ferrite 4. The length of the acicular ferrite laths or plates increased rapidly and the lengthening time was less than 0.5 s. It is Table 2 . Measured austenite grain size in the specimens treated with different patterns.
Analysis of Inclusion by TEM and EDS
In-situ Observations of the Growth
Heat rates of 15 intragranular acicular ferrite plates were measured and plotted against temperature, as shown in Fig. 7(b) . It should be explained that growth of acicular ferrite was measured between 620 to 550°C, because acicular ferrite formation starts when the temperature is lower than 620°C. It is important that when the temperature is lower than 550°C, both acicular ferrite and bainite form, which will affect the lengthening rates of later-formed acicular ferrite by soft/hard impingement. Short vertical bars indicate the temperature at which the growth of a lath or plate started and ended. It is seen that the growth of individual acicular ferrite laths or plates was completed over a very narrow temperature range, especially at low temperatures. It is also clear that the lengthening rate of individual acicular ferrite laths or plates varied in a wide range. The maximum, minimum and mean lengthening rates of acicular ferrite laths or plates are 190.5 μm/s, 33.3 μm/s and 87.6 μm/s, respectively. In addition, the variation of lengthening rates and lengthening time with transformation temperature were obtained, as shown in Table 3 . The mean lengthening rate increase and the mean lengthening time decrease, respectively, with a decrease in temperature.
Discussion
The Nucleation and Growth of Acicular Ferrite
Extensive studies have been carried out to investigate the formation of acicular ferrite. 7) The prior austenite grain size and inclusion have a strong influence on the formation of acicular ferrite. A small austenite grain has a relatively large number density of grain boundary nucleation sites, which favors bainite formation. 7) When the austenite grain becames larger, intragranular nucleation plays a leading role in phase transformation. 13) It is reported that the critical austenite grain size for acicular ferrite formation is 50 μm in a Ti-killed steel. 14) Zhang et al. 15) also pointed out that the fraction of acicular ferrite increased in the weld metal when the austenite grain size increased from 30 μm to 80 μm. The amount of acicular ferrite was changed slightly with the austenite grain size up to 200 μm.
7) The microstructure of CGHAZ with an austenite grain size larger than 250 μm contains mostly intragranular acicular ferrite. 10) In the present work, the LSCM was used to observe the acicular ferrite formation directly at intermediate temperatures, instead of the typical approach of microstructure analysis after heat treatment. The transformation from austenite to acicular ferrite and bainite was observed for a total of 530 austenite grains. When the equivalent diameter of the austenite grain was less than 55.0 μm, the bainite transformation was promoted (see Fig. 2 ). As the austenite grain became larger, the acicular ferrite was observed to be nucleated on Zr-Ti oxides and it became the dominant microstructure feature (see Fig. 3 ).
The inclusions played an important role in the formation of acicular ferrite since they provide preferential sites for nucleation. The nucleation of acicular ferrite is usually con- ISIJ International, Vol. 55 (2015), No. 3 sidered to be stimulated by (a) the solute depletion in the vicinity of non-metallic inclusions, [16] [17] [18] (b) the reduced interfacial energy between austenite and ferrite, 19) (c) the thermal strain energy due to different thermal contraction, 19) and (d) the provision of an inert surface. 20) In the present work, the precipitation of MnS took place on the pre-formed ZrO2 because MnS and ZrO2 have two exactly the same and one very similar interplanar distances.
2) The Mn atoms can diffuse into the oxides by means of cation and, induce Mn solute depletion around the oxides, which was thought to be one of the most effective mechanisms for acicular ferrite formation. 21, 22) Therefore, the complex Zr-Ti oxide promoted the formation of acicular ferrite.
The lengthening rate depends on the austenite-ferrite transformation temperature. Numerous studies have demonstrated that the lower temperature is, the larger is the driving force. In the present work, the mean lengthening rate increased with decreasing temperature, i.e. from 46.2 μm/s at 620-600°C to 101.3 μm/s at 579-550°C.
Growth Kinetics of Acicular Ferrite
From the analysis of lengthening rates of Widmanstätten and bainitic ferrite plates, Hillert 23) concluded that the ferrite plates grew without carbon supersaturation and he presented an empirical equation for lengthening rate, which is given by, ........ (1) where, v is the lengthening rate of ferrite plates, is the carbon diffusivity in austenite, is the bulk carbon concentration ( = 0.2603%) and is the carbon concentration at the γ/(α+γ) boundary.
According to the Hillert equation, the lengthening rate in alloyed steel can be calculated from Eq. (1) simply taking as the carbon concentration at the Para equilibrium (PE) and negligible-partition local equilibrium (NPLE) boundaries. The carbon concentration at the PE γ/(α+γ) Fig. 8 . The carbon concentration at the NPLE boundary was calculated by Thermo-Calc applying the carbon component ray method developed previously for a quaternary alloy to an octonary alloy (Fig. 8) . 24, 25) The carbon diffusivity ( ) in austenite was averaged with respect to carbon concentration. 26) It was approximately given by Eqs. Calculated results are compared with those measured, as shown in Fig. 7(b) . It is seen that almost all lengthening rates fall between those calculated assuming PE and NPLE modes. Hence, it is concluded that the growth kinetics of acicular ferrite are controlled by carbon diffusion regardless of the alloy element segregating (NPLE mode) or not (PE mode) at the moving ferrite/austenite interface.
The drag of alloying elements can influence the growth Figure 9 schematically shows that due to the dissipation of free energy in the boundary by solute drag and mobility, the Gibbs energy diagram of ferrite rises up and solute concentration at the boundary has been changed. 27) Hence, the lengthening rate of acicular ferrite was smaller than that under PE mode. Meanwhile, it is also possible that the growth direction <110>γ may not always be parallel to the specimen surface even the plate was nucleated at inclusion on the surface, as shown in the schematic diagram Fig. 10 . Further investigations using three-dimensional reconstruction in conjunction with in-situ observation are needed to understand the difference in the lengthening rate of acicular ferrite.
Conclusions
The acicular ferrite plates or laths were lengthened quickly and over a very narrow temperature range, especially at low temperatures. The lengthening rates of acicular ferrite were ranged from 33.3 μm/s to 190.5 μm/s. The lengthening rates increased with decreasing transformation temperature. The growth kinetics of acicular ferrite laths or plates fell between those calculated assuming Para equilibrium and NPLE modes.
